We developed an automated FMO calculation protocol (Auto-FMO protocol) to calculate huge numbers of protein and ligand complexes, such as drug discovery targets, by an ab initio FMO method. The protocol performs not only FMO calculations but also pre-processing of input structures by homology modeling of missing atoms and subsequent MM-based optimization, as well as post-processing of calculation results. In addition, QM/MM optimization of complex structures, conformational searches of ligand structures in solvent, and MM-PBSA/GBSA calculations can be optionally carried out. In this paper, FMO calculations for 149 X-ray complex structures of estrogen receptor α and p38 MAP kinase were performed at the K computer and in-house PC cluster server by using the Auto-FMO protocol. To demonstrate the usefulness of the Auto-FMO protocol, we compared the ligand binding interaction energies by the Auto-FMO protocol with those of manually prepared data. In most cases, the data calculated by the Auto-FMO protocol showed reasonable agreement with the manually prepared data. Further improvement of the protocol is necessary for the treatment of ionization and tautomerization at the structure preparation stage, because some outlier data were observed due to these issues. The Auto-FMO protocol provides a powerful tool to deal with huge numbers of complexes for drug design, as well as for the construction of the FMO database (http://drugdesign.riken.jp/FMODB/) released in 2019.
mechanics (ONIOM) method, MM-PBSA and GBSA calculations, FMO calculations, and ligand interaction analysis from the MM and FMO calculations. We validated the Auto-FMO protocol by comparison of the ligand binding energies between the protocol data and the manually prepared data for human estrogen receptor α (ERα) and human p38 mitogen-activated protein (MAP) kinase. Based on the results, we discussed the current accuracy and issues to solve in the protocol in future work.
Material and Methods
The structure preparations and the FMO calculations for the X-ray crystal structures of the ERα and p38 MAP kinase were performed using the Auto-FMO protocol described in Section 2.1, and compared with the manually prepared data shown in Section 2.2. We verified the difference in the ligand binding energy values between the data obtained by the Auto-FMO protocol and those generated by the manual procedure. The ligand binding energy is defined in Section 2.3.
Workflow of Auto-FMO protocol
The workflow of the Auto-FMO protocol is shown in Figure 1 , and the method for each step is described in the following sections. The protocol was implemented in BIOVIA Pipeline Pilot [36] . Further details of the structure preparation step, such as the default parameters, are described in the supplementary information, Section A.
Input files
The three-dimensional structures of protein-ligand complexes or apo protein structures were prepared in PDB files and transformed into one MDB file [37] . This part should be done by the users, rather than by the Auto-FMO protocol. Water molecules far from each ligand can be removed if necessary.
Structure preparation
To complement the missing residues and atoms, two different types of functions were newly implemented with built-in functions in MOE: (1) Both missing residues and atoms were simultaneously complemented by the "pro_HomologyModel" function to build a whole protein model, and (2) only the missing atoms of the side chains are complemented by the "StructurePreparation" function. In gap regions due to disorder, the residues next to the gaps are capped by an ACE or NME group to retain the original amide bonds. After the corrections, hydrogen atoms were added to each complex by using the "Protonate3D" function under pH 7.0 conditions. The residues at the N-and C-termini are treated as zwitterionic states with NH 3 + and COO − , respectively. Subsequently, structure optimization with the force field (Amber10:EHT) was performed, using the "MM" function under partial constraints. As the force field, other force fields such as MMFF94x can be selected. For example, only the complemented atoms and hydrogen atoms can be optimized. The constraint settings can be adjusted by the users.
QM/MM-based structure optimization (advanced option)
Structural optimization based on the QM/MM calculations with the ONIOM method at the HF/6-31G*:MM/AMBER level can be automatically performed using the Gaussian09 program package [38] at the RIKEN super computer HOKUSAI, as an advanced option. A ligand and its surrounding residues are generally selected as the high layer, and the rest of the biomolecule is assigned to the low layer region. Atoms of the high layer region are only optimized and the other atoms are fixed during the calculations. This option is not active as the default setting, because the QM/MM optimization requires high computational cost. Users should employ the QM/MM optimization appropriately, where there are the necessities of QM calculation to cope with the cases such as halogen bond. In the protocol, the QM/MM-based total energies were calculated by ONIOM method.
MM-PBSA and GBSA calculations
The total MM energies and the solvation energies of each protein-ligand complex, apo-protein, and ligand were calculated by the MM-PBSA and MM-GBSA methods with the AMBER tools program [39] . The Amber99SB force field was used for the protein, and the general Amber force field (GAFF) [40] with the AM1-BCC [41] charge was used for the ligands by antechamber [42] . Conformational searches of ligands in solvent can be performed by MOE to estimate the deformation energies of the ligands in the bound state and the solvent for MM-PBSA, as an advanced option. Several candidates of stable structures in the solvent are used.
FMO calculations
FMO calculations were performed with the ABINIT-MP program [43, 44] on the K computer or our in-house PC cluster server. Users can select various options for the FMO method: a computational level from the Hartree-Fock (HF) and the Møller-Plesset (MP2) level, and a basis set from 6-31G, 6-31G*, and cc-pVDZ. In this paper, we used the MP2/6-31G* level. The output log files of the FMO calculations include the IFIE and PIEDA values, as well as partial atomic charges by a Mulliken population analysis, a natural population analysis (NPA), and RESP fitting.
Analysis of protein-ligand interaction energies
Ligand binding energies based on the MM, MM-PBSA, FMO, FMO+MM-PBSA methods can be extracted from the log files and summarized by the protocol. In addition, the IFIE values of the ligands are listed in an Excel file. The detailed definitions of these energies regarding the ligand are explained in ref. [22] 
Validation data sets of ERα and p38 MAP kinase
For ERα and p38 MAP kinase (p38α), the complex structures with IC 50 values were selected from the PDB and ChEMBL databases. The datasets of ERα and p38α have 37 and 96 PDB entries, respectively (Tables S2 and S3 ). Here, we executed the FMO calculations of 38 ERα and 111 p38α complexes by the Auto-FMO protocol because the PDB data includes multiple chain complexes such as homo dimer. Since the coordinates of these residues are commonly given by X-ray crystallography, the amino acid residues of #309-544 (ERα) and #6-351 (p38α) were employed. The results of the FMO calculations at the MP2/6-31G* level using the automatically prepared structures were compared to those obtained using manually prepared structures. As the manually prepared data, we used already reported 70 p38α complex data [34] . In terms of ERα, we selected 20 ERα complexes considering the crystal resolutions and the other reasons. These complex structures were included in the above mentioned 38 and 111 complex structures calculated by the Auto-FMO protocol. Thus, we used the 20 and 70 complex structures for comparison ( Table 1) . The PDB entries used for comparison are shown in "PDB and chain IDs used for analysis" column, Table S2 and S3. The numbers of data for each preparation step by the Auto-FMO protocol and the manual procedure are summarized in Table 1 . The details are described below. Figure 2 shows the superimposed complexes of ERα and p38α obtained from the manual preparation. In the case of ERα, the position of helix 12 (H12), composed of residues Leu536-Ala546, was different depending on whether the bound compound was an agonist or antagonist ( Figure 2A) . Hence, the loop between H11 and H12 near the ligand binding pocket is flexible, and there are missing residues on the loop in some complexes with antagonists (Table S2 ). In the case of p38α, the DFG loop around Ile166-Ala184, including Asp168, Phe169, and Gly170, adopts three types of conformations, such as DFG-in, DFG-out, and DFG-intermediate conformations ( Figure 2B ). The DFG-loop is placed in the ATP binding pocket and is very flexible and disordered, including the missing residues (Table S2 ). In this paper, because these missing residues of ERα and p38α are located near the bound ligands, they were complemented by both modeling methods (Auto-FMO protocol and manual operation). 14 hours c a Average time of structure preparation by MM optimaization for each structure using 1 core at our in-house PC cluster server (Intel(R) Xeon(R) CPU E5-2695 v3 @ 2.30GHz). b Average time of FMO calculation for each structure using 48 cores at our in-house PC cluster server (Intel(R) Xeon(R) CPU E5-2670 v3 @ 2.30GHz). c Average time of FMO calculation for each structure using 960 cores at K computer.
Figure 2. Structures of ERα (A) and p38α (B)
. For ERα complexes, the H12 regions of the agonist-bound form and antagonist-bound form are represented by pink and light blue ribbons, respectively. For p38α, the DFG-loop is shown by a green ribbon.
Auto-FMO protocol data
In the cases of both ERα and p38α, the bond orders of all of the ligands were corrected based on LigandExpo and used for the input structures of the Auto-FMO protocols. Subsequently, the Auto-FMO protocol was employed using the same options, as follows. All of the crystal water molecules were removed; two residues neighboring missing residues as a margin were removed and complemented by homology modeling using the wild type sequence; and the protonation states of the ligands and amino acid residues were determined by Protonate3D at pH 7.0. Finally, all of the hydrogen and missing heavy atoms were optimized by the Amber10:EHT force field.
Manually prepared data
In the case of ERα, a few crystallographic water molecules forming bridging hydrogen bonds among Glu353, Arg394, and the ligand were retained, in addition to the ligands and proteins. By using the BioStation viewer, the missing residues of the complexes with agonists and antagonists were complemented according to the templates of the agonist form (PDB IDs: 1A52 and 2YJA) and the antagonist form (PDB ID: 1Y1M), which are high-resolution X-ray structures that have no missing residues in the H12 regions. The bond orders of all of the ligands were manually corrected. The tautomeric states of amino acid residues and ligands were consequently determined with Protonate3D in MOE. Finally, all of the hydrogens and missing heavy atoms of each ERα complex were optimized by an Amber10:EHT force field.
For p38α, the structure coordinates prepared by Sheng et al. [34] were used in this study. First, a few crystallographic water molecules were kept in the following two cases. In the first case, the water molecule forming hydrogen bonds with Asp168 and Lys53 was retained in the DFG-in structures, and in the second case, the water molecule forming the hydrogen bond with Asp168 was kept in the DFG-out structures. Secondly, by using the BioStation viewer, the missing residues were complemented with the 3GC7 and 3D83 PDB entries as the template structures of the DFG-in and DFG-out structures, respectively. The templates were full sequences and high resolution structures, without missing residues. The bond orders of all of the ligands were corrected manually. The tautomeric states of the amino acid residues and ligands were consequently determined with Protonate3D in MOE. Only His312 was dealt with as a cationic protonation state (HIP), considering the surrounding hydrogen bonding network, and the other histidine residues were set as neutral states (HIE or HID). Moreover, the ligand charges were assigned as the corresponding protonation state of pH 7.0 in water. For aliphatic amines, we set the formal charges to +1e, while aromatic amines such as anilines were set to a formal charge of zero. Finally, all hydrogen and missing heavy atoms for each p38α complex were optimized by an Amber 10:EHT force field.
Ligand binding interaction energy evaluated by FMO method
In this article, to demonstrate the utility of the Auto-FMO protocol, we compared the ligand binding energies ΔE ligand of the protocol with those of the manually prepared data. To obtain ΔE ligand based on FMO calculations, we summed up the IFIE values of all ligand-residue pairs. The FMO contribution of the ligand-binding energy is given by the following equation:
. (1) where ∆ � is the IFIE; and I and J are fragment indices.
Results and discussion
We constructed 38 and 111 complexes of ERα and p38α by the MM-based structure preparation in the Auto-FMO protocol. The number of calculated structures includes multiple chains in each PDB entry. Using our in-house PC cluster server and the K computer, 38 and 110 FMO calculations were successfully completed for the ERα and p38α complexes, respectively. There was one structure of p38α (PDB ID: 4KIN, Chain: D) for which the FMO calculation was not completed. At the structure complement step by homology modeling, the complemented atoms of the complex severely clashed among Gly33, Ala34, and Tyr35. As a result, the FMO calculations were not completed for this structure. However, 99.3% of the FMO calculations using the structures created by the Auto-FMO protocol were completed, showing that this protocol is sufficiently robust for daily FMO research, including drug design. Next, we validated the Auto-FMO protocol by comparing the ligand binding energies ΔE ligand between the protocol data and the manually prepared data, and discussed the accuracy and the issues to improve in the protocol.
Validation of the Auto-FMO protocol data
For accuracy validation of the protocol, the ligand binding interaction energies calculated by the Auto-FMO protocol were compared to those of the manually prepared data (Figure 3) . Here, we compared 20 and 70 FMO calculation results of the structures in which the PDB ID and its chain ID matched in both methods for ERα and p38α, respectively (Table 1 ). Figure 3B , for which the ligand charge of the protocol data differed from that of the manual data, are shown by purple triangles.
The coefficients of determination (R 2 ) for all calculation data of ERα and p38α were 1.00 and 0.79, respectively. Note that the p38α data included different ligand charge data between the Auto-FMO protocol data and the manual data. In Figure 3B , the entries with different charges shown by purple triangles were located at significant outlier positions. Although the ionization state assignment using MOE should be improved, except for the three outliers (PDB IDs: 3O8P, 1OUK, 3GFE, also see Table S1 ), R 2 improved to 0.95. In general, the differences in the formal charges seriously affect the calculation results, especially for a QM calculation. Therefore, careful double checking of the structure preparation by the Auto-FMO protocol is needed for practical use. The high correlations between the manual and the protocol data partially arise from the wide ΔE ligand range between the compound groups (agonist and antagonist groups in ERα and neutral ligand and charged ligand groups in p38α). To confirm the effects of the ligand charge, the compounds were classified by each ligand charge (neutral (red) and positively charged (blue) in Figure 3 ). For only neutral ligands, the R 2 values for ERα and p38α were sufficiently high (0.93 and 0.80, respectively), in spite of the narrow ΔE ligand range. In contrast, only positively charged ligands provided poor correlations (R 2 = 0.45 and 0.08, respectively). In the cases of charged ligands, slight changes of the atomic coordinates (e.g., 0.1 to 0.2 Å) can greatly affect the interaction energy values.
Issues to be solved in the Auto-FMO protocol
There was one data that the FMO calculation did not complete in Table 1 . To reduce the computational cost, we plan to add an MM-based structure filter that removes incorrect structures before submission to the FMO calculation. The filter will check the bond lengths, bond angles, dihedral angles, and MM-based repulsion energies of residue in each complex according to their standard values observed in X-ray structures.
In the case of p38α, we detected outliers for the comparison between the Auto-FMO protocol data and the manually prepared data in Figure 3B . The large differences in the ligand binding energies between the protocol data and the manually prepared data, which are more than 20 kcal/mol for p38α, are listed in Table S1 . The main reasons for the large differences in the ligand binding energies between the manual data and the protocol data were the differences in the ionization and tautomerization states of the ligands (Table S1) , and the complemented structures regarding missing residues on flexible loops (Figures 2 and S1 ). The R 2 values of the ligand binding energies between the protocol data and the manual data without the nine obviously different compounds were dramatically improved, from 0.79 to 0.99 in the p38α data set ( Figure S2 ). In this article, we handled the manually prepared data as representative data of ordinary computational researchers. However, with respect to the ligand structures, the manual preparation is not always effective, because many of the computational researchers are not familiar with the tautomerization and protonation states of a wide variety of chemical species. Indeed, the data with large ΔE ligand differences between manually prepared data and Auto-FMO protocol data (Table S1 ) contain inappropriate ligand structures on both sides. Therefore, it is necessary to manually check the ionization states and conformations of the complemented residues, using a list of the 2D structures of all ligands and the 3D structures of the complexes output from the protocol. Currently, the ionization assignment depends on the MOE protonate3D function, and it is not easy to enhance the function within MOE. In the future, we would like to develop our original ionization and tautomerization prediction model by combining MM or QM calculations and artificial intelligence (AI), based on the upcoming FMO database [35] including more than thousand FMO data.
The Auto-FMO protocol can be used for not only construction of the FMO database but also binding affinity prediction and interaction analysis. In this paper, we described the details of protocol and good agreements with the manual data. In general, for the binding affinity prediction based on the FMO method, we have to consider many factors such as ligand properties including charges and functions (i.e. agonist and antagonist), entropy terms, and solvent effects. Indeed, the previous study of p38α [34] showed good correlation between experimental values and estimated binding interaction energies after appropriate classification based on ligand charges, scaffolds, and types of DFG-loop structures. Considering the entropy and solvation effects [11, 22] is also very important to improve the correlation. These effects for the current datasets will be considered in our future works by using FMO+MM-PBSA approach. To enhance accuracy of the FMO+MM-PBSA method, we plan to use the QM-based atomic charges obtained by FMO calculations in addition to the QM/MM optimization. Because the above mentioned calculations are time consuming and the ligand clustering requires a deep understanding of the target and dataset, more advanced expert system is needed for practical applications to drug design. One of the future directions of development is an AI-based guidance for the binding affinity prediction.
Conclusion
We have developed the automated FMO calculation protocol (Auto-FMO protocol) to perform a large number of FMO calculations, together with pre-and post-processing. To validate the Auto-FMO protocol, the ligand binding interaction energies calculated by the Auto-FMO protocol were compared to those of the manually prepared data in the ERα and p38α datasets. The automated FMO calculation data agreed reasonably well with the manually prepared data (R 2 : 1.00 (ERα) and 0.79 (p38α)). One of the factors that reduced the correlation is the misassignment of the ionization and tautomerization; for only the neutral ligands or ligands with the same ionization and tautomerization assignments, the R 2 values were significantly improved. Therefore, Auto-FMO protocol users need to check the ionization and tautomerization states of the ligands to avoid systematic misassignments. In the cases of complex structures with missing atoms in flexible regions, there is some room for improvement in the protein modeling to complement the missing atoms. With this protocol, not only computational researchers but also inexperienced researchers can easily perform FMO calculations without complicated procedures. The Auto-FMO protocol would reduce not only operative fluctuations but also artificial mistakes in such as bond-order setting for ligands. This makes us prepare the uniformly organized data set. In addition, the Auto-FMO protocol will enable us to construct the FMO database [35] , which will provide quantum mechanical calculations of total energies, interaction energies of fragment pairs, and atomic charges for various protein-ligand complexes for more than a thousand complex structures in the future. This database will be useful for various research fields, such as drug design and structural biology, as well as molecular modeling [11, [45] [46] [47] . For example, using thousands of FMO calculation results, AI models that predict molecular force and atomic charges considering QM interactions are currently being developed. The new AI-based molecular force field will lead to more accurate molecular dynamics and docking simulations. Furthermore, we plan to establish an "on the fly" FMO calculation service for structural biologists. Once a structural biologist solves a new X-ray structure, the structure data can be uploaded to the service and the FMO calculation data can be obtained in one day.
Supplemental information
The details of the structure preparation of complexes by the MM method for the automated FMO calculation protocol are shown in section A. The large differences in the ligand binding energies between the protocol and the manually prepared data are discussed in section B. All PDB data of ERα and p38α are available in Tables S2 and S3, respectively. 
